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Abstract 
The damage progression in light weight engineering structures, like aluminum/fiber-reinforced polymer specimens, is 
studied. The finite element method is used to model a single overlap tensile joint. The contact area between the metal 
part and the composite part is computed by means of an interface material. A viscoelastic model with the Lemaitre-
type damage is applied for the interface simulation. The influence of the interface geometry on the damage of the joint 
is considered. It is shown that the damage progress depends on geometry of the interface. The present work contains 
the numerical analysis of fracture and damage resistance of the specimens with square, circle and moon-like geometry 
of the joint. 
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1. Introduction 
Due to technological developments, metal/polymer composite joints have a great potential for application in a large 
number of engineering sectors. These material systems are opening up new possibilities for innovative product design. 
The high specific stiffness and physico-chemical resistance of polymer composites are combined with traditional 
strength of metals in these advantageous combinations. The joints can be produced by ultrasonic metal welding or by 
means of adhesive bonding [1, 2]. Adhesive bonding is the current state of the art for hybrid composites of this type 
and hence the reference process [2]. Therefore the simulation of such modern engineering structures is economical 
important. In particular, a numeric analysis of damage evolution in light weight engineering structures, like 
aluminum/fiber-reinforced polymer specimens, is important for industrial applications. The use of a finite element 
method to predict the mechanical behaviour of the whole specimen and its joined part is known [3, 4]. In this 
investigation, the simulation of a single overlapping tensile specimen with adhesive bonding is considered. The joints 
of aluminium alloy 5754 (AA5754) and carbon fibre reinforced thermoplastic composite CF-PA66 is manufactured by 
means of an adhesion with an epoxy (1K-EP). The solid interface approach is applied to simulate the adhesion zone, 
which is considered as an interface material. So, there are three parts in the specimen of the adhesive joint: the polymer 
composite (matrix and fibre reinforcement), the metallic adhesion partner and an interface material in the adhesion 
zone of the specimen. A viscoelastic model with the Lemaitre-type damage is taken into account to model the interface 
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material. The material AA5754 is simulated as an isotropic elastoplastic material. The polymer composite CF-PA66 
generally shows an orthotropic elastic behaviour.  
 
Nomenclature 
iA    structure tensor  
f,,elif
iC , 
melif
i
,,C  elastic interfacial stiffness tensors 
id    damage parameter  
ie    anisotropy direction of orthotropic linear elastic model 
kI    basic invariants of orthotropic linear elastic model  
ij     intensities of damage evolution 
pH    hardening modulus 
iT     relaxation time 
> @u    displacement jump 
0Y     initial the yield stress 
21,DD    orthotropic elastic constants 
pD    plastic parameter 
321 ,, EEE   orthotropic elastic constants 
iK     viscosity 
PO,    Lame parameters 
21,PP    orthotropic elastic constants 
 0iP     damage threshold 
iP    damage progression parameter 
<    free energy function 
İ    strain tensor 
ı    stress tensor 
Ĳ    interface tractions 
)    von Mises yield function 
k)    function of orthotropic elastic constants 
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2. Computational modelling of materials 
2.1. Orthotropic elastic model 
The orthotropic linear elastic model with two orthogonal anisotropy directions 1e  and 2e  is applied for the 
computation of the polymer material. So, two corresponding structure tensors 111 eeA   and 222 eeA   are 
introduced. In this case the free energy can be represented with regard to 7 invariants kI  [5]: 
 
 7654321 ,,,,,, IIIIIII< < .       (1) 
  
The stresses are computed by differentiating the free energy with respect to the basic invariants: 
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are 9 orthotropic material parameters; jiij eeI  G  is the identity tensor, İ is strain tensor. 
2.2. Elastoplastic model with isotropic hardening 
An elastoplastic bulk material law with isotropic hardening is used to model the aluminium plate [3, 4]. The total 
strain İ  is split by  
 
pe İİİ             (3) 
 
 into an elastic part eİ  and a plastic part .pİ Stresses are given as  
  pe D,İıı            (4) 
 
depending on the elastic strains and a plastic parameter pD , accounting for irreversible plastic effects. In order to 
separate an elastic from a plastic range for loads, the von Mises yield function is used  
 > @ppdev HY D ) 02
3 ı .        (5) 
 
Here 0Y  is initial the yield stress, 
pH  is a hardening modulus and devı  is the deviatoric part of the stress tensor. 
2.3. Adhesive material model  
A viscoelastic model with the Lemaitre-type damage is considered for the modelling of the adhesive interface 
material. The displacement jump > @u  is split into an elastic part > @eu  and a viscous part > @veu  
 
> @ > @ > @vee uuu  ,         (6)
 
The tractions of the interface are derived from the free energy function of the interface > @ > @ ieifif d,, uu< < : 
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The first part of the interface traction fĲ  is the traction of a parallel spring. The second part of the decomposition mĲ  
is the traction of a serial arrangement of a damper and a spring [7]. The dependencies of the tractions are given as  
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where ^ `nts ,,  are the orthonormal interfaceal directions, the elastic interfacial tangent stiffness tensor with respect to 
the parallel spring is f,,elifiC  and to the damper system spring is 
melif
i
,,C . The damage parameter id  is introduced, 
with > 1,0id  and ,0!id  thus healing effects are excluded. It is incorporated in a Lemaitre-type damage context 
[6]. For ,1oid  the material tends to be fully damaged and unable to bear any load. Exponential relations are chosen 
for the damage parameter: 
 
 > @ iiii jd PP  0exp1 .         (9) 
 
Here  0iP  is a damage threshold, ij  is intensities of damage evolution. The variable iP , accounts for the progression 
of damage in i - direction. It is computed according to  
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and the so-called damage driving force is given by 
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The constitutive assumption of viscoelasticity is given by 
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where iK  denotes to the viscosity in i-direction and iT  is the relaxation time. 
3. Numerical result and conclusions 
The influence of interface geometry on the mechanical characteristics of overlapping tensile specimen is analyzed. 
Three different geometries of adhesive interface are considered: square, circle and moon-like geometry. The free part 
of a polymer composite CF-PA66 (70mm×30mm×2mm) is clamped. The free (non-adhesive) part of a AA5754 metal 
sheet (70mm×25mm×1mm) is subjected to an extension. A given displacement of  u 0.02mm is used in each 
loadstep. All interface geometries have the same area of 100mm 2  and are placed in the centre of the overlapping 
zone. 
The finite element method is used. The bulk materials are computed by means of standard continuum eigth-noded 
elements. The adhesive zone is modeled with a solid interface approach by using special four-noded interface 
elements. Solid interface are one geometrical dimension lower than the surrounding continuum [6]. Thus, to model 
interfaces in three dimensions, two dimensional interface elements are needed. For determining the displacements u  
and the displacement jumps > @u across the interface the principle of virtual work with virtual displacements u~  and 
> @u~  is used. The finite element approximation of the displacement jump and the test function jump [6] is given by 
 
> @   Nelh uBu  21,[[ , > @   Nelh uBu ~,~ 21  [[ ,     (13) 
 
where > @TN 87654321 ,,,,,,, uuuuuuuuu  and > @TN 87654321 ~,~,~,~,~,~,~,~~ uuuuuuuuu  are the nodal 
displacements of the adjacent elements. The matrix elB  is the element operator matrix. The ansatz function for the 
interface elements are introduce by 
 
  > @> @221121 114
1, [[[[[[ NNNN  ,       (14) 
 
where the index N denotes the number of the node and N1[ , N2[ are the nodal coordinates in the element 
coordinate system. The interpolation variables are given by > @1,1, 21 [[ . 
The simulation cover three different interface geometries: square, circle and moon-like. The analysis of the force-
displacement curves shows a rather similar behavior for square and circle interface. The state of the third specimen is 
different: the joint with moon-like interface geometry has the highest value of force at the each loadstep in comparison 
to the other geometries. The point of maximal loading is achieved of approximately 3140N at 66-68 loadsteps 
(  u 1.22mm–1.36mm) for the specimens with square or circle interface, and 4020N at 70-71 loadsteps 
(  u 1.40mm–1.42mm) for the case of moon-shaped geometry. In general, the force-displacement curve of the joint  
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a) Moon interface     b) Circle interface 
 
 
 
 
 
 
 
c) Square interface 
 
Fig.1. Stress in the loading direction ( xxV ) at loadstep 67/110, for the three joints. 
 
with moon-like interface is higher than for other geometries during the entire loading process. We observe a similar 
behavior of the stress xxV  in the direction of loading: the specimen with moon-like interface has the highest 
maximum value of xxV  at the corresponding loadstep. Fig.1 shows a distribution of the stress xxV  in all the three 
joints at the 67 th  loadstep, while the value of the cross head displacement is 1.34mm. This loadstep corresponds to a 
maximum value of the force-displacement curve for the specimen with square interface. As it is obvious from Fig.1, in 
all the three cases, the zone of maximal negative value of stress in the direction of tension is the domain of the joint 
(corresponding the adhesive bonding). The highest value of the stress xxV  is observed in bulk material plate near the 
overlapping. In the case of the specimen with square interface, the maximum negative value of xxV  equals -86MPa. 
The maximal positive value achieves +350MPa. It is attained at the 67 th  loadstep, as well as the highest value of the 
force-displacement curve for the given specimen. The zone of maximal negative value of the stress xxV  in the 
specimen with circle interface occupies approximately 1/3 of the corresponding circle overlap. The value of the stress 
is equal -90MPa: the maximal positive value is approximately +360MPa. The state of the specimen with moon-shape 
interface at the 67 th  loadstep can be characterized as the state of increasing irreversible deformation. The highest 
value of the stress equals 402MPa at the given loadstep, minimal value attains -97MPa. The zone of maximal negative 
value xxV  constitutes approximately 1/8of the moon domain at the 67
th  loadstep. This zone is located in the central 
left part of the corresponding moon sector (see Fig.1). Under further loading, the zone of maximum stress in direction 
of tension in all specimens interface grows into the corresponding joint domain, staying, at the same time, in the end 
left sector of the corresponding joint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Damage parameter in the loading direction. 
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For a more detailed description of the state of the specimen, analysis of the damage value development in the 
loading direction is analyzed. Fig.2 contains the graphs of the damage parameter sd  for the specimens with square 
and moon-like interface. The curve of damage evolution for the joint with circle interface is near to corresponding 
graph for square interface. It is obvious from Fig.2 that damage occurs at the same time in the two specimens. Failure 
develops more actively in the specimen with square joint as compared to the other geometry. The analysis of the 
damage parameter in the adhesive zone shows that it evolves slower in the case of a moon-like geometry.  
Thus, the numerical analysis of the mechanical properties of aluminum/fiber-reinforced polymer joints with 
different geometries of adhesive bonding shows a similar mechanical behavior for all three specimens. The application 
of the viscoelastic model with Lemaitre-type damage in conjunction with a solid interface approach for the adhesive 
interface allows us to analyze the damage evolution in the joints. We can conclude that the damage progress and 
failure develop more actively in specimen with square interface. The joint with moon shape interface has the smallest 
failure risk in comparison with square and circle geometries. 
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